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In this work, we report an interesting observation of partial ionic bonding due to
charge transfer in homogeneous sodium clusters. The charge transfer causes the elec-
tronic charge to accumulate on the surface, and the resulting charges on atoms range
between +0.4 to -1.0 |e−|. We also demonstrate that this disparity among effective
charges on atoms is geometry dependent, such that atoms experiencing similar sur-
rounding, have equal effective charge. It is speculated that this phenomenon will
occur among other homogeneous clusters as well, and its extent will be defined by
the valence electron delocalization.
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I. INTRODUCTION
Atomic clusters are interesting, useful, and intriguing.1–15 Their finite size has brought out
many counterintuitive observations about their various properties. For instance, bulk gold,
which is a noble metal, acts as a catalyst in its cluster form. It is used as a chemical catalyst,
as well as in biomedicine.3–5 Bulk rhodium, which is a non-magnetic solid, turns magnetic
in its cluster form.6 Aluminum, which is usually used in its compound form as catalyst,
shows catalytic activity when used as clusters.7,8 Some clusters also exhibit higher than bulk
melting temperature, which contradicts our understanding that melting temperature lowers
with decreasing size.9–11 All these odd properties of clusters are dependent upon the structure
as well as their bonding. Bonding in clusters is quite different than their corresponding bulk
material, and changes even across sizes of clusters of the same element. Gallium in its bulk
form has metallic as well as covalent type bonding.12 Bonding in its clusters, however has
been an unresolved key issue.15–17 Lead clusters are agreed to change their bonding from
metallic to non-metallic, but the size at which this occurs, is still under debate.18–20 Tin shows
a semiconductor to metal transition with changing size of its clusters.21 Thus, bonding among
clusters has been a fairly debatable issue for clusters of many elements, and is a key factor
in understanding and explaining their behavior. Amidst all these controversies, bonding
in sodium clusters has come clean till now. Sodium clusters have been shown to possess
metallic bonding.13,22–24 In this work, we show that bonding in sodium clusters is more
than just metallic, using atomic charge measurements. Charge transfer in heterogeneous
systems is a known fact, where the amount of charge that gets transferred, depends upon
the electron affinities of corresponding elements. In this work, we present an evidence of
substantial charge transfer observed in homogeneous clusters of sodium. Such charge transfer
is known to occur, in small quantities, in a few homogeneous clusters.8,25,26 However, to the
best of our knowledge, its extent and its influence on bonding have not been studied to date.
In what follows, we discuss the charge distribution of homogeneous sodium clusters with
sizes up to few hundred atoms. We present Bader charge analysis of sodium clusters with
sizes ranging from few 10 to few 100 atoms. Specifically, we demonstrate that in neutral
sodium clusters, most of the atoms either gain or loose charge, and that the excess charge
on each atom varies from +0.4 to -1.0 |e−|. Thus, in a cluster, some atoms are positively
charged, while some others possess an effective -ve charge. This gives rise to a somewhat
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counterintuitive phenomenon of partial ionic bonding among homogeneous clusters of sodium
atoms. As a result of the charge transfer, electronic charge is observed to accumulate on
the surface of the cluster and towards center. Geometry plays a crucial role and atoms with
identical environment have identical effective charge. In case of highly symmetric clusters,
like 55 and 147, we observe that atoms belonging to the same shell have identical charge
polarity. Charge difference is more for geometries that are symmetric and ordered. By
‘ordered’, we mean geometries with more number of atoms experiencing similar environment,
in terms of neighboring atoms. Although it is possible to infer and correlate our observations
with polarizability and electric dipole moment, it should be noted that the focus of this work
is upon bringing out the interesting observation about structure induced inhomogeneity of
charge distribution in homogeneous sodium clusters. The article is organized as follows.
Section II outlines the computational details, and section III, the results and discussions.
Conclusions are drawn in section IV.
II. COMPUTATIONAL DETAILS
Ab initio molecular dynamics is carried out within the Kohn-Sham formulation of den-
sity functional theory (DFT). Projector Augmented Wave pseudopotential27,28 is used, with
Perdew Burke Ehrzenhof (PBE)29 approximation for the exchange-correlation and general-
ized gradient30 approximation, as implemented in plane wave code, Vienna Ab initio Sim-
ulation Package (VASP).31–33 Energy cutoff for plane-waves is kept at 102 eV for finite
temperature molecular dynamics. Relaxation runs are carried with high precision setting
in the VASP package, raising the effective energy cutoff to 127 eV. Cubic simulation cell,
with image in each cell separated by at least 10 A˚, is used. Energy convergence criterion of
10−5 eV, and a force cutoff of 0.001 eV/A˚ are used for relaxation. The geometries used in
this work are obtained from the authors of previous works,34 and 309 and 561 icosahedra
are taken from the Cambridge Cluster Database.35 All the geometries used in this work are
relaxed within defined computational accuracy, at the level of theory used here.
We have carried out Bader charge analysis for sodium clusters of numerous sizes ranging
from 10-80, intermittent sizes up to 147, and larger icosahedral clusters with 309 and 561
atoms. Bader charge analysis was chosen on account of its reliability in comparison with
other methods like Mulliken, Hirshfeld, that are used to calculate atomic charges.36–39 Bader
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analysis makes use of the fact, that in molecular systems, the charge density between atoms
reaches a minimum. The point of minimum charge density is used to separate atoms from
each other. This analysis defines atoms using a 2-D surface, on which the charge density
is a minimum, perpendicular to the surface. The charge enclosed within the Bader volume
is a good approximation to the total electronic charge of an atom.40–42 In order to be able
to reproduce total charge on system correctly, fine meshes are used for Bader charge cal-
culations. The same fine FFT meshes are used for computing wavefunctions and charges
during relaxation. We make use of 2-D mapping of atoms, described below, to analyze the
occurring redistribution of charges.
A. 2-D mapping of atoms
In order to quantify the effective charge on each atom as a function of its position, each
atom is mapped onto the 2-D plane and is colored according to the charge it possesses. For
this mapping, we plot the perpendicular distance of each atom from the three axes, x, y, and
z, against the x, y and z coordinate of that atom. For better graphical representation, the
distance of each atom from x, y and z axes is given the arithmetical sign of y, z and x co-
ordinate of that atom. Such a representation of atoms from 3-D to 2-D is most useful, when
dealing with spherical geometries. It helps bringing out the shells in spherical geometries,
whenever present. Each point on this 2-D graph represents an atom, and is colored according
to the charge it possesses.
B. Charge measuring convention
Charge on each atom is measured in excess of 1 valence electronic charge of a neutral
Na atom. Schematics of the convention are shown in Fig. 1. For instance, any atom with
charge greater than 1.0 |e−|, is given a -ve sign (since it has accumulated -ve charge), and a
magnitude in units of ‘excess of 1.0 |e−|’. The charge polarity is also defined based on the
same scale. For example, any atom gaining 0.4 |e−| excess electronic charge is said to have
a -0.4 |e−| charge, while an atom loosing 0.4 |e−| electronic charge, is said to possess +0.6
|e−| charge.
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FIG. 1. Diagram showing the convention of measuring effective charge used in this work, in
comparison with the total charge on sodium atom. q : Effective charge on sodium atom as
measured in this work. Q : Actual charge on sodium atom.
C. Shape parameter
Shape parameter εdef is used to quantify the distribution of atoms along the three spatial
directions.43 It is a rough measure to quantify the overall shape of the cluster. It is defined
as:
εdef =
2Qx
Qy +Qz
,
where, Qx ≥ Qy ≥ Qz are the eigenvalues of the quadrupole tensor defined as Qij =
∑
I RIiRIj . RIi stands for the i
th coordinate of ion I, measured from the origin. The
structure is prolate, when Qx ≫ Qy ≈ Qz. For a spherical geometry, Qx = Qy = Qz, and
εdef = 1.
III. RESULTS AND DISCUSSION
We begin our results and discussion by presenting 2-D mappings of atoms, colored by
magnitude of effective charge on each atom, for various sizes, in Fig. 2. Cluster geometries
for these sizes, are shown in Ref.44. The sizes of clusters are mentioned at the top right
of each frame. The axes in the graph represent the position of each atom with respect to
center of mass (COM), in 2-D mapping. The first two figures are for sizes 55 and 147. Both
these structures are Mackay icosahedra. In these structures, -ve charge clearly gathers on
the surface, and on the central atom. These two clusters comprise of atoms arranged in
concentric shells, and as seen from the figure, charge on atoms that belong to the same shell
has same polarity and hardly varies in magnitude. This is attributed to the fact that atoms
in the same shell confront identical environment. Same is further demonstrated in geometries
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FIG. 2. Charge distribution for various Na clusters. Electronic charge accumulates on the surface of
all these clusters. Atoms at center also accumulate -ve charge, except that of 17. Spatial symmetry
of clusters gets reflected in charge distribution.
35 and 71. These two geometries are not concentric shells, but have local order. 35 has three
centers of local order, and that shows up here as three different sets of atoms possessing
identical charge distribution. Similarly, 71 is a structure formed by two intermeshing size
55 icosahedra with two centers of local order. Owing to this two centered local order, we
expect a two centered charge distribution. The graph for size 71 does show two innermost
atoms possessing high electronic charge (dark shade). This is in line with the fact that
electronic charge prefers to accumulate towards the center of cluster. Size 17 is the smallest
size with structure that encloses a sodium atom. It exhibits a different behavior than other
sizes, which is due to its small size. Particularly, its central atom has effective +ve charge,
in contrast with other sodium clusters. Its surface has an overall -ve charge, with 10 out of
16 atoms charged -ve, four charged +ve, and the rest neutral. The last frame in the figure
is for size 92. The ground state (GS) for this size is reported to possess a non-icosahedral
local order,45 which is reflected in the charge distribution shown here. The four atoms at
the innermost shell have almost identical charge. Also, with a couple of exceptions, all other
atoms in their respective shells have little or no variation in magnitude of charge that they
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FIG. 3. Analyses for Na55: (a) All atoms in a given shell have same charge polarity. (b) First 22
shortest bonds in Na55 are between atoms with opposite polarity (dark blue). Shortest bondlengths
between atoms with -ve polarity are shown in light blue.
posses (maximum variation in magnitude of charges in same shell is ∼0.03 |e−|). This can be
attributed to the local order that 92 possesses. Thus, we demonstrate that various different
geometries of sodium clusters show the common trait that free standing sodium clusters
possess a -vely charged surface, with ‘effective charge on an atom’ being a function of its
neighborhood.
Charge transfer among atoms of Na55 is further investigated in detail. A 55 atom icosahe-
dron consists of 4 concentric shells with 1, 12, 30 and 12 atoms. Fig. 3(a) shows the effective
charge on each atom, plotted against its distance from center of mass (DCOM). Atoms that
gain electronic charge, are colored blue, while those that loose electronic charge, are colored
orange in the plot. We see from the figure that atom at the COM gathers an excess of 0.8
|e−| electronic charge, while all atoms in the second shell (DCOM=3.61 A˚) loose about 0.4
|e−| electronic charge each. Similarly, atoms in the third shell loose electronic charge and the
outermost shell atoms gain it. The collective magnitude of this charge transfer is quite large
for the entire shell of atoms. There is a change of charge polarity accompanied by a nearly
11 |e−| cumulative charge difference, between the third and the fourth shell, as well as
between second and the fourth shell. Hence, we speculate that this transfer of charge among
the shells leads to an ionic contribution to the stability of bonds formed between atoms of
these shells. Further analysis of bondlengths confirms this speculation. It shows that the
shortest bonds are formed between atoms of the 4th and the 2nd shell. This indicates that the
shortest bonds in this cluster posses an ionic character to it, owing to disparity of charges on
respective atoms. Plotting the bondlengths of atoms of same polarity, and opposite polarity,
shows that the set of first 22 shortest bonds are those formed between atoms with opposite
polarity, as shown in Fig. 3(b). This comparison was also made for all 107 different sizes
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FIG. 4. Plot of difference between the shortest ionic bondlengths, and the shortest bondlengths of
atoms with same polarity, plotted against the size of the cluster. The shortest bonds are between
atoms with opposite polarity for most of the sizes.
between 10-147. It revealed that 84 out of these 107 sizes had their shortest bond formed
between atoms with opposite polarity (ionic). Fig. 4 shows the plot of difference between
the shortest bond between atoms with same polarities (BLsp) and the shortest bond between
atoms with opposite polarities (BLionic). The difference is positive whenever the shortest
bond is ionic, and negative otherwise. As seen from the figure, most of the sizes show this
difference to be positive, which implies their shortest bonds are between atoms with opposite
polarity. This clearly demonstrates the overall influence of ionic character on bonding in
sodium clusters, and that the ionic contribution to bonding in sodium clusters cannot be
overlooked within this size range.
Next, we compare observations noted for Na55, with higher sized icosahedra. As shown
in Fig. 5, with increasing number of atoms in each shell, polarity of effective charge on
each atom in a given shell does not remain same. Fig. 5(a) consists of the 2-D mapping
of atoms for size 561. The points on this graph are colored by polarity of effective charge
on each atom, and not their magnitude. Atoms that gain electronic charge, are colored
blue, while those that loose electronic charge are colored orange. The figure makes it clear
that there is an electronic charge accumulated towards center and on the surface. Also, the
uniform charge polarity and magnitude among all atoms in same shell, previously seen in
Na55, is absent here. This is shown in Fig. 5(b), in which magnitude of charge transfer on
each atom is plotted as a function of the respective DCOM. We also note that variation
in effective charge on each atom in a given shell, is more compared to smaller icosahedra.
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FIG. 5. (a) Distribution of charge polarities of atoms in each shell of Na561. (b) Charge on each
atom as a function of its distance from center of mass for Na561. For larger sizes, atoms in same
shell do not posses identical charge polarity. Also, the variation in charge magnitudes is greater in
each shell, in comparison with smaller icosahedra.
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FIG. 6. Difference between maximum and minimum charge on an atom in cluster (∆q), as a
function of size of the cluster. Right y-axis shows variation in shape parameter (εdef). ∆q follows
the changes in geometrical motifs closely.
Similar analyses for size 147 and 309 atom icosahedra, are presented in Ref.44. Although
147 icosahedron follows same trends as that of 55, 309 icosahedron marks the beginning of
trends observed in 561.
While the effective charge on atoms should show no variation for sodium bulk, it is
interesting to study the same for clusters, as a function of their size and shape. Hence,
variation of the ‘difference between maximum and minimum effective charge on an atom
in a cluster’ (∆q) is studied as a function of size of the cluster. Fig. 6 shows a plot
∆q as a function of size of the cluster. Shape deformation parameter εdef is plotted on
the right y-axis of graph. The figure shows that ∆q is maximum whenever the geometry
assumes icosahedral motif. Sodium clusters show globally disordered structures with local
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FIG. 7. ∆q for 100 different geometries sampling a heating run of Na55 between 0-500 K. Right
y-axis is the corresponding variation in shape parameter (εdef ). Out of phase variation in ∆q and
εdef signifies ∆q’s preference for spherical geometries.
icosahedral order starting from size 19 intermittently till 52. A sudden change in motif
occurs from 52 to 53. Icosahedral order is then followed for sizes 53 to 64. ∆q also shows
the sudden jump from 52 to 53, and has high value till size 64. The ground state structures
are disordered between 64 and 70, and ∆q also shows a dip in its value in this size range.
Change of motif from one centered to two centered icosahedra is indicated by sudden rise in
εdef at 70. ∆q mimics the same, and goes hand in hand with this change of motif. Clusters
become more disordered with less icosahedron like structure till 92 and up to 106, gradually.
∆q also lowers in value gradually between 71 through 92 and up to 106. While value of
εdef is very close to 1 around size 90, the order is not icosahedral. This correlates well
with observed variation in ∆q. After size 106, the geometrical order regains the icosahedral
motif, which builds up and completes the next icosahedron at 147. Similar growth trend is
followed by ∆q as well. Sudden drop in ∆q at size 122 is due to abrupt displacement of its
atom nearest to COM at 2.5A˚, in comparison with its neighboring sizes, who have nearest
atom from their COM at 1.5A˚. Thus, we see that ∆q follows the growth pattern of sodium
clusters closely, and maximizes whenever the geometries have icosahedral motif. For larger
sizes 309 and 561, ∆q has lower values (1.24 and 0.82 |e−|), which points to the fact that as
the system goes on becoming larger, this quantity dies out. It will reach the value of zero for
infinite solid bulk sodium. This is in agreement with our understanding that in solid bulk,
all sodium atoms should possess identical charge, on account of the identical surrounding of
each of them.
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Next, we investigate the effect of temperature on charge transfer as observed in Na55.
Towards this end, we have performed slow-heating of Na55. MD run was started with initial
geometry as the icosahedron. 100 different geometries are picked out of this heating run
carried out between 0 to 500 K, in 300 ps. The sampling is done in an unbiased way,
by picking out a geometry every 3 ps. Bader analysis is performed for these unrelaxed
geometries in order to investigate charge redistribution at finite temperature. Fig. 7 is a
graph of ∆q for these geometries. In this figure, temperature is plotted on x axis, and the
simulation time on upper x-axis. Right y-axis shows the corresponding variation in shape
parameter (εdef). Value of ∆q is the highest in the graph initially, when the geometry
is a perfect icosahedron. It drops initially, as the cluster changes shape due to increased
temperature, as atoms begin to vibrate about the ideal icosahedron positions. ∆q values
oscillate about 1.05 |e−| during the phase when cluster is distorted, before it actually melts.
∆q suffers another drop upon melting of cluster, and even after melting, it attains higher
values whenever the cluster becomes spherical. In this figure, high values of ∆q occur at
points when εdef shows a low value (close to 1). This implies that ∆q is large for spherical
geometries, and has lower values otherwise.
Based on all the analyzes mentioned above, we have brought out a simple, yet counter-
intuitive and interesting picture of bonding in homogeneous sodium clusters. Indeed, it is
an artifact of the finite size of the system. In sodium bulk, all the atoms witness identical
environment, and there is no reason for its the delocalized electrons to favor certain atomic
sites in preference over the others. All atomic sites in the infinite solid are equivalent in
terms of their neighboring environment. In contrast to this, in a finite sized system, most
atoms hold unique positions in terms of their neighboring environment, along with existence
of certain equivalent positions, that are decided by the symmetry of the cluster. Atoms
at the distinct positions have distinct effective charge, while atoms experiencing identical
environment possess identical effective charge. An interesting manifestation of this is seen
in icosahedral structures for various sizes from 55 to 561. Thus, all atoms do not experience
equivalent environment in a cluster, which results into partial ionic bonding in these clusters.
Hence, we see that this counterintuitive phenomenon of partial ionic bonding among a finite
collection of homogeneous atoms, is an artifact of the finite size of the system, and should
be expected to occur among all finite sized system to a varied degree.
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IV. CONCLUSIONS
We have demonstrated that charge transfer occurs in homogeneous sodium clusters, which
gives rise to ionic character in bonding. Charge tends to accumulate onto the surface of these
clusters, and towards their center. Magnitude of effective charges depends on the size as
well as symmetry of the cluster. The effect is most prominent for clusters with few 10s
to few 100s of atoms. The charge difference between atoms is more for more symmetric
clusters. Since the charge transfer observed here is geometry and symmetry dependent, one
may expect this phenomenon to occur in homogeneous clusters of other elements as well, in
varying magnitudes.
V. ACKNOWLEDGEMENTS
Authors would like to acknowledge the Council of Scientific and Industrial Research for
financial support (Project No. CSC-0129 and CSC-0128). VK is grateful to the Department
of Science and Technology (Project No. GOI-555A) for partial financial support. The
authors thank S. M. Ghazi for providing sodium cluster geometries.
REFERENCES
1Puru Jena and A. W. Castleman. Clusters: A bridge across the disciplines of physics and
chemistry. Proceedings of the National Academy of Sciences, 103(28):10560–10569, 2006.
2Gabor A Somorjai, Anthony M Contreras, Max Montano, and Robert M Rioux. Clusters,
surfaces, and catalysis. Proceedings of the National Academy of Sciences, 103(28):10577–
10583, 2006.
3Mark Peplow. Catalysis: The accelerator. Nature, 495(7440):S10 – S11, 2013.
4Karen Weintraub. Biomedicine: The new gold standard. Nature, 495(7440):S14 – S16,
2013.
5Masatake Haruta, Tetsuhiko Kobayashi, Hiroshi Sano, and Nobumasa Yamada. Novel gold
catalysts for the oxidation of carbon monoxide at a temperature far below 0 ◦C. Chemistry
Letters, 16(2):405–408, 1987.
6A. J. Cox, J. G. Louderback, and L. A. Bloomfield. Experimental observation of magnetism
in rhodium clusters. Phys. Rev. Lett., 71:923–926, Aug 1993.
12
7Baopeng Cao, Anne K. Starace, Oscar H. Judd, and Martin F. Jarrold. Melting dramati-
cally enhances the reactivity of aluminum nanoclusters. Journal of the American Chemical
Society, 131(7):2446–2447, 2009.
8Patrick J. Roach, W. Hunter Woodward, A. W. Castleman, Arthur C. Reber, and Shiv N.
Khanna. Complementary active sites cause size-selective reactivity of aluminum cluster
anions with water. Science, 323(5913):492–495, 2009.
9Alexandre A. Shvartsburg and Martin F. Jarrold. Solid clusters above the bulk melting
point. Phys. Rev. Lett., 85:2530–2532, Sep 2000.
10Gary A. Breaux, Robert C. Benirschke, Toshiki Sugai, Brian S. Kinnear, and Martin F.
Jarrold. Hot and solid gallium clusters: Too small to melt. Phys. Rev. Lett., 91:215508,
Nov 2003.
11Gary A. Breaux, Damon A. Hillman, Colleen M. Neal, Robert C. Benirschke, and Martin F.
Jarrold. Gallium Cluster “Magic Melters”. Journal of the American Chemical Society,
126(28):8628–8629, 2004. PMID: 15250696.
12X. G. Gong, Guido L. Chiarotti, M. Parrinello, and E. Tosatti. α-gallium: A metallic
molecular crystal. Phys. Rev. B, 43:14277–14280, Jun 1991.
13Bernd von Issendorff and Ori Cheshnovsky. Metal to insulator transitions in clusters.
Annual Review of Physical Chemistry, 56(1):549–580, 2005. PMID: 15796711.
14Kavita Joshi, Sailaja Krishnamurty, and D. G. Kanhere. “magic melters” have geometrical
origin. Phys. Rev. Lett., 96:135703, Apr 2006.
15S. Chacko, Kavita Joshi, D. G. Kanhere, and S. A. Blundell. Why do gallium clusters
have a higher melting point than the bulk? Phys. Rev. Lett., 92:135506, Apr 2004.
16D. Schebarchov and N. Gaston. Throwing jellium at gallium - a systematic superatom
analysis of metalloid gallium clusters. Phys. Chem. Chem. Phys., 13:21109–21115, 2011.
17Sara Nunez, Jose M. Lopez, and Andres Aguado. Neutral and charged gallium clus-
ters: structures, physical properties and implications for the melting features. Nanoscale,
4:6481–6492, 2012.
18V. Senz, T. Fischer, P. Oelßner, J. Tiggesba¨umker, J. Stanzel, C. Bostedt, H. Thomas,
M. Scho¨ffler, L. Foucar, M. Martins, J. Neville, M. Neeb, Th. Mo¨ller, W. Wurth, E. Ru¨hl,
R. Do¨rner, H. Schmidt-Bo¨cking, W. Eberhardt, G. Gantefo¨r, R. Treusch, P. Radcliffe, and
K.-H. Meiwes-Broer. Core-hole screening as a probe for a metal-to-nonmetal transition in
lead clusters. Phys. Rev. Lett., 102:138303, Apr 2009.
13
19Baolin Wang, Jijun Zhao, Xiaoshuang Chen, Daning Shi, and Guanghou Wang. Atomic
structures and covalent-to-metallic transition of lead clusters Pbn(n=2–22). Phys. Rev. A,
71:033201, Mar 2005.
20Haisheng Li, Yong Ji, Fei Wang, S. F. Li, Q. Sun, and Yu Jia. Ab initio study of larger
pbn clusters stabilized by pb7 units possessing significant covalent bonding. Phys. Rev. B,
83:075429, Feb 2011.
21Li-Feng Cui, Lei-Ming Wang, and Lai-Sheng Wang. Evolution of the electronic properties
of Sn−n clusters (n = 4–45) and the semiconductor-to-metal transition. The Journal of
Chemical Physics, 126(6):064505, 2007.
22W. D. Knight, Keith Clemenger, Walt A. de Heer, Winston A. Saunders, M. Y. Chou, and
Marvin L. Cohen. Electronic shell structure and abundances of sodium clusters. Phys.
Rev. Lett., 52:2141–2143, Jun 1984.
23J. Bowlan, A. Liang, and W. A. de Heer. How metallic are small sodium clusters? Phys.
Rev. Lett., 106:043401, Jan 2011.
24Philip Ball. Material witness: The smallest metals. Nature Materials, 10(3):175, 2011.
25Nevill Gonzalez Szwacki, Arta Sadrzadeh, and Boris I. Yakobson. Erratum: B80 fullerene:
An Ab Initio prediction of geometry, stability, and electronic structure [phys. rev. lett. 98,
166804 (2007)]. Phys. Rev. Lett., 100:159901, Apr 2008.
26Dar Manzoor, Sourav Pal, and Sailaja Krishnamurty. Influence of charge and ligand on
the finite temperature behavior of gold clusters: A BOMD study on Au6 cluster. The
Journal of Physical Chemistry C, 117(40):20982–20990, 2013.
27P. E. Blo¨chl. Projector augmented-wave method. Phys. Rev. B, 50:17953–17979, Dec 1994.
28G. Kresse and D. Joubert. From ultrasoft pseudopotentials to the projector augmented-
wave method. Phys. Rev. B, 59:1758–1775, Jan 1999.
29John P. Perdew, Kieron Burke, and Matthias Ernzerhof. Generalized gradient approxima-
tion made simple. Phys. Rev. Lett., 77:3865–3868, Oct 1996.
30John P. Perdew, Kieron Burke, and Matthias Ernzerhof. Generalized gradient approxima-
tion made simple [phys. rev. lett. 77, 3865 (1996)]. Phys. Rev. Lett., 78:1396–1396, Feb
1997.
31G. Kresse and J. Hafner. Ab initio molecular-dynamics simulation of the liquid-metal–
amorphous-semiconductor transition in germanium. Phys. Rev. B, 49:14251–14269, May
1994.
14
32G. Kresse and J. Furthmu¨ller. Efficient iterative schemes for ab initio total-energy calcu-
lations using a plane-wave basis set. Phys. Rev. B, 54:11169–11186, Oct 1996.
33G. Kresse and J. Furthmller. Efficiency of ab-initio total energy calculations for metals and
semiconductors using a plane-wave basis set. Computational Materials Science, 6(1):15 –
50, 1996.
34Seyed Mohammad Ghazi, Sandip De, D G Kanhere, and Stefan Goedecker. Density func-
tional investigations on structural and electronic properties of anionic and neutral sodium
clusters Nan ( n=40-147): comparison with the experimental photoelectron spectra. Jour-
nal of Physics: Condensed Matter, 23(40):405303, 2011.
35http://www-wales.ch.cam.ac.uk/CCD.html.
36Ce´lia Fonseca Guerra, Jan-Willem Handgraaf, Evert Jan Baerends, and F. Matthias Bick-
elhaupt. Voronoi deformation density (VDD) charges: Assessment of the Mulliken, Bader,
Hirshfeld, Weinhold, and VDD methods for charge analysis. Journal of Computational
Chemistry, 25(2):189–210, 2004.
37Thomas A. Manz and David S. Sholl. Chemically meaningful atomic charges that repro-
duce the electrostatic potential in periodic and nonperiodic materials. Journal of Chemical
Theory and Computation, 6(8):2455–2468, 2010.
38Danny E. P. Vanpoucke, Isabel Van Driessche, and Patrick Bultinck. Reply to comment
on “Extending Hirshfeld-I to Bulk and Periodic materials”. Journal of Computational
Chemistry, 34(5):422–427, 2013.
39http://theory.cm.utexas.edu/vtsttools.
40Graeme Henkelman, Andri Arnaldsson, and Hannes Jo´nsson. A fast and robust algorithm
for bader decomposition of charge density. Computational Materials Science, 36(3):354 –
360, 2006.
41Edward Sanville, Steven D. Kenny, Roger Smith, and Graeme Henkelman. Improved
grid-based algorithm for bader charge allocation. Journal of Computational Chemistry,
28(5):899–908, 2007.
42W Tang, E Sanville, and G Henkelman. A grid-based bader analysis algorithm without
lattice bias. Journal of Physics: Condensed Matter, 21(8):084204, 2009.
43Kavita Joshi, D. G. Kanhere, and S. A. Blundell. Thermodynamics of tin clusters. Phys.
Rev. B, 67:235413, Jun 2003.
15
44See supplementary material document no. ................. for the geometries used, and addi-
tional analysis of Na55 and Na309.
45Seyed Mohammad Ghazi, Shahab Zorriasatein, and D. G. Kanhere. Building clusters
atom-by-atom: From local order to global order. The Journal of Physical Chemistry A,
113(12):2659–2662, 2009.
16
